The proapoptotic Bcl2 homology domain 3(BH3)-only protein Bim is controlled by stringent post-translational regulation, predominantly through alterations in phosphorylation status. To identify new kinases involved in its regulation, we carried out a yeast two-hybrid screen using a non-spliceable variant of the predominant isoform-Bim EL -as the bait and identified the regulatory subunit of cyclic-AMP-dependent protein kinase A-PRKAR1A-as an interacting partner. We also show that protein kinase A (PKA) is a Bim EL isoform-specific kinase that promotes its stabilization. Inhibition of PKA or mutation of the PKA phosphorylation site within Bim EL resulted in its accelerated proteasome-dependent degradation. These results might have implications for human diseases that are characterized by abnormally increased PKA activity, such as the Carney complex and dilated cardiomyopathy.
INTRODUCTION
The proapoptotic Bcl2 homology domain 3(BH3)-only Bcl2 family protein Bim is an essential initiator of apoptosis in a variety of physiological settings (Wong & Puthalakath, 2008) . Downregulation of Bim seems to be common to many cellular survival signalling pathways. This has led to efforts aimed at inducing Bim expression in tumour cells, as a cancer therapy (Kuroda et al, 2006; Cragg et al, 2007) . The importance of Bim in tumorigenesis is also highlighted by data showing that the bim gene is deleted or Bim protein is downregulated in many tumours (Tagawa et al, 2005; Zantl et al, 2007; Anderton et al, 2008; Dai et al, 2008) .
Bim expression can be regulated by transcriptional or posttranslational processes Wong & Puthalakath, 2008) . At the post-translational level, the two main isoforms of Bim-Bim EL and Bim L -can be sequestered to the microtubule-associated dynein motor complex through its interaction with the dynein light chain LC8 (Puthalakath et al, 1999) . Apoptotic stimuli that activate c-Jun amino-terminal kinase signalling lead to the release of Bim from this complex, allowing it to bind to prosurvival Bcl2 family proteins to initiate cell death (Lei & Davis, 2003) . The proapoptotic activity of Bim can also be regulated by phosphorylation of the extracellular-signal-regulated kinases/mitogen-activated protein kinase (ERK/MAPK) pathway (Ley et al, 2006) . Five Bim EL phosphorylation sites have been described; however, isoelectric focusing two-dimensional (IEF-2D) gel analysis of the endogenously expressed Bim EL can be resolved into nine distinct spots , demonstrating that this Bim EL can be phosphorylated at up to eight serine/threonine/tyrosine sites. This indicates that Bim EL might be regulated at the post-translational level by additional kinases. To identify these kinases, we carried out a yeast twohybrid library screen using a non-spliceable mutant of Bim EL as the bait. Here, we report the identification of the cyclic AMP (cAMP)-regulated protein kinase A (PKA) regulatory subunit-a (PRKAR1A) as an interaction partner of Bim EL . In cells, PRKAR1A exists as a heterotetramer with the PKA catalytic subunit-a (PKACa), cAMP flux results in its release. Our results suggest that the interaction of Bim EL with PRKAR1A helps to dock PKACa near by and enables PKA to phosphorylate Bim EL . Furthermore, we report that Bim EL is a PKA substrate and that Bim EL phosphorylation by PKA stabilizes the protein by protecting it from proteasomal degradation, thereby promoting apoptosis.
RESULTS

Bim EL is a protein kinase A substrate
A yeast two-hybrid library screen was carried out to identify the interaction partners of Bim EL. The cAMP-dependent PRKAR1A was Fig 1A) . This interaction was confirmed in 293T overexpression, as well as by physiological levels of expression of the breast-cancer cell line MCF7 (Fig 1B,C) . It was not mediated by the AKAP-binding domain of PRKAR1A (supplementary Fig S1A,B online) . This is similar to the interaction of PRKAR1A with activation-induced deaminase, which was found to be responsible for phosphorylation and activation of activation-induced deaminase by PKA (Pasqualucci et al, 2006) . Therefore, we hypothesized that Bim EL might be a PRKAR1A-dependent substrate for PKA-mediated phosphorylation. Indeed, the primary amino-acid sequence of Bim EL (but not that of the other Bim isoforms) contains the signature motif for PKA phosphorylation-K/RK/RXS/T-at amino acids 80-83 in the mouse sequence and 83-87 in the human sequence ( Fig 1D) . This indicated that Ser 83 of mouse Bim EL and Ser 87 of human Bim EL might be phosphorylated by PKA, which we tested in three assays. First, immunoprecipitation of endogenous Bim EL from MCF cells was probed with antibodies that recognize motifs phosphorylated by PKA ( Fig 1C , right panel), this identified a band similar in size to Bim. The blot also showed an additional band (around 30 kDa), which might be Mcl-1-a known PKA substrate (Ozaki et al, 2008) . Second, in vitro kinase assays using recombinant mouse Bim EL or the S83A mutant showed that only the wild-type protein can be phosphorylated by PKA (Fig 1D) . This mutant was functional, as it retained its ability to interact with anti-apoptotic proteins (supplementary Fig S1C online) . Third, when both wild-type and mutant proteins were expressed in 293T cells-together with PKACa-the wild-type protein resolved into two hyperphosphorylated spots on IEF, whereas the mutant resolved into three spots, the third of which was closer to the cathode, indicating that it is less phosphorylated ( Fig 1E) .
PKA activity is necessary for the stability of Bim EL
Having established that Bim EL is a substrate for PKA, we next investigated the effect of PKA-mediated phosphorylation on the rate of Bim EL turnover. Independent MCF7 clones ectopically overexpressing PRKAR1A-which downregulates PKA activity; (Fig 2A) -were generated. These cells had lower levels of endogenous Bim EL than parental MCF7 cells, whereas the levels of anti-apoptotic proteins remained unchanged (Fig 2A) . Furthermore, PRKAR1A overexpression caused a significant alteration in the phosphorylation status of endogenous Bim EL . IEF-2D gel analysis showed that Bim EL immunopurified from PRKAR1A-overexpressing MCF7 cells was less phosphorylated than Bim EL from parental MCF7 cells ( Fig 2B) . As Bim was shown to be crucial for cAMP-induced apoptosis (Zhang & Insel, 2004) , we examined whether PRKAR1A overexpression could protect MCF7 cells against forskolin, a potent inducer of adenylyl cyclase. Overexpression of PRKAR1A protected these cells against cAMP-induced apoptosis (Fig 2C) , to an extent comparable with RNA-interference-mediated knockdown of Bim (Fig 2D,E; polyclonal population of RNA interference knockdown). These experiments were repeated with physiologically relevant b-adrenergic receptor agonist isoproterenol, with a similar outcome (supplementary Fig S2 online) . These results indicate that the stability-and probably the proapoptotic activity-of Bim EL can be regulated by PKA-mediated phosphorylation. cAMP flux is known to induce bim at the transcriptional level (Zhang & Insel, 2004) . Therefore, to distinguish the transcriptional effect from the post-translational effect and also to compare the kinetics of the turnover of wild-type with mutant Bim EL proteins, the proteins were overexpressed in transiently transfected 293T cells-together with PKACa-as well as in mouse embryonic fibroblasts (MEFs), by lentiviral infection. Time-course experiments after the addition of cycloheximide showed that mutant Bim EL had a higher turnover rate than wild-type Bim EL (Fig 3A) . In addition, we transduced bim À/À MEFs with constructs that allow inducible expression of wild-type or S83A mutant mouse Bim EL , selecting clones with similar levels of expression of the two proteins. Northern and western blot analyses show that the S83A mutant clone is expressed at a higher level and yet protein levels are comparable (Fig 3B; supplementary Fig S3A,B online) . Protein turnover analysis showed that the S83A mutant has a significantly shorter half-life (39 min) than wild-type Bim EL (96 min; Fig 3B,F) . cAMP flux is known to inhibit ERK activation (Cook & McCormick, 1993) , but the difference in turnover could not be due to differences in ERK or cAMP activation levels in these cell lines (Fig 3B) , but could be attributed to increased proteasomal degradation of the mutant protein, as wild-type and S83A mutant mouse Bim EL showed similar turnover when these cells were treated with both cycloheximide and the proteasome inhibitor MG132 (Fig 3C) . Conversely, treatment of transfected cells with the PKA-specific inhibitor H89 or PKA inhibitory peptide (as indicated by phospho-CREB levels in these cells) accelerated the degradation of wild-type Bim EL (Fig 3D; supplementary  Fig S3C online) . Ser 83 of Bim EL has been reported to be a substrate for Akt phosphorylation, which primes the protein for degradation (Qi et al, 2006) . However, Akt inhibition had no effect on protein turnover (Fig 3E) , but phosphorylation by ERK1/2 was shown to prime Bim EL for ubiquitination and proteasomal degradation. This has been attributed to the recruitment of Bim EL by Cullin 1 to the ubiquitin ligase bTrCP1 (Dehan et al, 2009 ). Co-expression in 293T cells and immunoprecipitation studies showed that the S83A mutant Bim EL seems to bind to bTrCP1 more than wild-type Bim EL (Fig 3G) . However, the mutation had no impact on the binding of Bim EL to the anti-apoptotic protein Bcl2 (supplementary Fig S1C online ). These results demonstrate that PKA-mediated phosphorylation regulates the turnover of Bim EL by controlling its interaction with the ubiquitin ligase bTrCP1 and hence its proteasomal degradation.
S83A mutant Bim EL has reduced apoptotic activity
Finally, we examined whether PKA-mediated phosphorylation could have an effect on the proapoptotic activity of Bim EL . Cell survival analysis in MEFs showed that wild-type Bim EL was more potent in short-term killing (Fig 4A) , reduction of clonogenicity (Fig 4B,C) and in caspase activation (supplementary Fig S3 online) compared with the mutant. Together, these results demonstrate that the cAMP-dependent PKA has a role in the control of the turnover of Bim EL and thereby regulates cAMP-induced apoptosis.
DISCUSSION
It is thought that phosphorylation primes Bim for degradation, but some findings have challenged this idea (Häcker et al, 2006; Ley et al, 2006) . For example, ERK1/2 mediation not only targets Bim for ubiquitination but also lowers its affinity for Bcl-x L and Mcl1, PKA stabilization potentiates Bim during apoptosis D. Moujalled et al which promote survival (Ewings et al, 2007) . Phosphorylation of Bim by c-Jun N-terminal kinase mediation reportedly increases the proapoptotic activity of Bim by causing its release from the dynein motor complex (Lei & Davis, 2003) , although phosphorylation occurs at the same site that is targeted by ERK1/2. These discordant results could be reconciled if Bim is not controlled by a single phosphorylation event, but by a complex code of phosphorylations on many residues. Our previous study supports this hypothesis, showing that Bim EL is phosphorylated at several sites (Puthalakath et al, 2007) . The identification here of the Bim EL -PRKAR1A interaction is intriguing because the function of the regulatory subunit-PRKAR1A-is to bind to PKACa and retain it in an inactive complex. Elevation of cellular cAMP levels results in the release and activation of the catalytic subunit (Bossis & Stratakis, 2004) . Binding of PRKAR1A to Bim EL might thus ensure that PKA and its substrate are brought together so that Bim EL can be phosphorylated efficiently in response to extracellular cues. Our experiments demonstrate that Bim EL is a PKA substrate in a variety of cell types, suggesting that this is a general process. cAMP-induced apoptosis is Bim dependent. MCF7 cells transduced with constructs encoding scrambled RNAi (control) or Bim RNAi (polyclonal population) were analysed for Bim expression by western blotting (D; asterisk indicates a nonspecific band) and examined for sensitivity to forskolin as described in C. Data in C and E represent means ± s.e.m. of three independent experiments and the P-values were determined by one-tailed, type 1 Student's t-test. cAMP, cyclic AMP; CREB, cAMP response element-binding; EE, EYMPME; Fsk, forskolin; IEF-2D, isoelectric focusing twodimensional; PKA, protein kinase A; PRKAR1A, cyclic-AMP-regulated protein kinase A regulatory subunit-a; RNAi, RNA interference; WT, wild-type.
PKA stabilization potentiates Bim during apoptosis D. Moujalled et al
One unusual finding of our work is the stabilization of Bim EL as opposed to proteasomal degradation by phosphorylation. Our results also demonstrate that this degradation occurs irrespective of the ERK activation status (Fig 3B) . This accelerated degradation is associated with increased affinity of Bim EL for the ubiquitin ligase bTrCP1. This is in contrast to the observation that Ser 83 of mouse Bim EL (or Ser 87 of human Bim EL ) can be phosphorylated by PI3K/Akt and that this promotes its degradation (Qi et al, 2006) . Although the same residue can be phosphorylated by two different kinases, it is difficult to reconcile the two opposite outcomes. In this study we demonstrate that phosphorylation of Ser 83 on Bim EL is crucial for its stabilization, by showing that the S83A mutant protein has an abnormally shortened half-life by protein turnover measurement, increased avidity for the ubiquitin ligase bTrCP1 by coimmunoprecipitation studies and decreased apoptotic potential by short-term as well as clonogenic survival assays. Such detailed analyses were not carried out in the previous study (Qi et al, 2006) , in which apoptosis was measured by DNA laddering, which is qualitative at best, and by transient transfection without normalization for transfection efficiency. This might account for the observed discrepancies.
Our findings might have implications for human diseases that have been attributed to mutations in PRKAR1A, such as Carney's complex or multiple endocrinal neoplasia (Bossis & Stratakis, 2004; Nadella & Kirschner, 2005; Sasaki et al, 2008) . Mutations in PRKAR1A are expected to lead to increased PKA activity, which has been suggested to be crucial for the pathophysiology of these disorders. Our results demonstrate that in addition to the reported increase in bim transcription (Zhang & Insel, 2004) , enhanced PKA activity can also lead to increased Bim EL stabilization. These processes are thought to act together to promote apoptosis. This indicates that the development of endocrinal tumours associated with PRKAR1A mutation can only occur if the cell undergoing neoplastic transformation is able to overcome the apoptotic effect of Bim EL , through mutations in bim, by another crucial regulator of Bim or by increased expression of anti-apoptotic Bcl2 proteins. Understanding the molecular mechanisms involved in cAMP-induced apoptosis might help the development of cAMP-based therapies for the treatment of lymphoid malignancies (Lerner et al, 2000) .
METHODS
Library construction and yeast two-hybrid screening. The cDNA libraries from day 17 mouse embryos or from mouse embryos from embryonic day 9 to day 1 postpartum were prepared in pAD-GAL4-2.1 (HybriZAP-2.1 kit, Stratagene). The primary library consisted of approximately two million independent clones. A non-spliceable form of Bim EL was used as the bait (GGT to GGC for Gly 42, and AGA to CGC for Arg 97). The two-hybrid screen was carried out as described previously (Puthalakath et al, 1999) .
Interaction between Bim EL and PRKAR1A was confirmed by b-galactosidase staining as described previously (Puthalakath et al, 2001) . PKA assays. In vitro PKA assays were carried out using the PKA assay kit (Upstate, NY). Each assay contained 5-10 ng of the recombinant glutathione-S-transferase-tagged protein in a total volume of 60 ml reaction buffer that contained the following: 10 ml of 1 Â assay dilution buffer, 5 ml of 20 mM cAMP, 10 ml of nonspecific kinase inhibitor cocktail, 1 ml of PKA catalytic subunit (2.5-10 U) and 10 ml of Mg-ATP cocktail. A volume of 10 ml of PKA inhibitor peptide was used as a negative control. The reaction tubes were incubated at 30 1 C for 30 min. Reactions were stopped by mixing with equal volumes of 2 Â Laemmli loading buffer and boiled before separating on precast SDS-polyacrylamide gel electrophoresis gels (Novex), followed by transfer onto PVDF membrane. The radioactive fusion proteins were detected in a Typhoon 9410 phosphorimager (GE Healthcare). IEF-2D gel analysis. IEF electrophoresis was performed as described previously (Ninnis et al, 2009) . Endogenous Bim EL was immunoaffinity purified from Dithiobis(succinimidyl propronate)-crosslinked MCF7 (2 mM) cells before IEF separation . Cell death assays. Cell death was quantified by staining with Annexin V-fluorescein isothiocyanate plus propidium iodide (2.5 mg/ml), followed by flow cytometric analysis in a FACScan (Becton Dickinson). For clonogenic survival analysis, cells were treated with different stimuli and dilutions were plated on six-well 
